Models of light-matter interactions typically invoke the dipole approximation [1] , within which atoms are treated as point-like objects when compared to the wavelength of the electromagnetic modes that they interact with. However, when the ratio between the size of the atom and the mode wavelength is increased, the dipole approximation no longer holds and the atom is referred to as a "giant atom" [2] . Thus far, experimental studies with solid-state devices in the giantatom regime have been limited to superconducting qubits that couple to short-wavelength surface acoustic waves [3] [4] [5] [6] [7] [8] [9] , only probing the properties of the atom at a single frequency. Here we employ an alternative architecture that realizes a giant atom by coupling small atoms to a waveguide at multiple, but well separated, discrete locations. Our realization of giant atoms enables tunable atom-waveguide couplings with large onoff ratios [2] and a coupling spectrum that can be engineered by device design. We also demonstrate decoherence-free interactions between multiple giant atoms that are mediated by the quasicontinuous spectrum of modes in the waveguidean effect that is not possible to achieve with small atoms [10] . These features allow qubits in this architecture to switch between protected and emissive configurations in situ while retaining qubit-qubit interactions, opening new possibilities for high-fidelity quantum simulations and non-classical itinerant photon generation [11, 12] .
Models of light-matter interactions typically invoke the dipole approximation [1] , within which atoms are treated as point-like objects when compared to the wavelength of the electromagnetic modes that they interact with. However, when the ratio between the size of the atom and the mode wavelength is increased, the dipole approximation no longer holds and the atom is referred to as a "giant atom" [2] . Thus far, experimental studies with solid-state devices in the giantatom regime have been limited to superconducting qubits that couple to short-wavelength surface acoustic waves [3] [4] [5] [6] [7] [8] [9] , only probing the properties of the atom at a single frequency. Here we employ an alternative architecture that realizes a giant atom by coupling small atoms to a waveguide at multiple, but well separated, discrete locations. Our realization of giant atoms enables tunable atom-waveguide couplings with large onoff ratios [2] and a coupling spectrum that can be engineered by device design. We also demonstrate decoherence-free interactions between multiple giant atoms that are mediated by the quasicontinuous spectrum of modes in the waveguidean effect that is not possible to achieve with small atoms [10] . These features allow qubits in this architecture to switch between protected and emissive configurations in situ while retaining qubit-qubit interactions, opening new possibilities for high-fidelity quantum simulations and non-classical itinerant photon generation [11, 12] .
Devices where atoms are directly coupled to waveguides are well described by waveguide quantum electrodynamics (wQED). Superconducting circuits offer an ideal platform to implement and explore the physics of wQED due to the achievable strong coupling between atomic and photonic degrees of freedom. In superconducting wQED, artificial atoms are coupled to the continuum of propagating electromagnetic modes of a onedimensional (1D) microwave transmission line [13, 14] . The size of these atoms is typically much smaller than the wavelength of the modes in the transmission line, as depicted in Fig. 1a . Superconducting artificial atoms can be engineered to spontaneously emit most of their excitations as propagating photons in the waveguide, as opposed to other emission channels in the system. This has enabled a diverse and rich set of phenomena to be experimentally observed, such as resonance fluorescence [15] [16] [17] , collective Lamb shifts [18] , and Dicke super-and subradiance [19] [20] [21] . Additionally, the 1D nature of the modes enables the waveguide to mediate long-range interactions between atoms [20, 22] .
A central limitation of wQED is the ever-present and strong dissipation of qubits into the waveguide. As a result, it is difficult to prepare many-body states of the qubits. In the context of wQED, the ability to initialize and entangle qubits with high fidelity can aid in a variety of applications. For instance, using the tunable qubit-waveguide coupling offered by giant atoms, one can perform digital-analog quantum simulations of fermionfermion scattering via a bosonic bath [11, 23] . Additionally, the ability to generate non-classical itinerant microwave photons from qubit emitters that are directly coupled to a waveguide [12] can be applied in quantum communication and teleportation protocols [24, 25] . Recently, correlated dissipation between qubits was used to prepare entangled dark states that are decoupled from the waveguide [21] . However, only a fraction of the total qubit Hilbert space is protected from dissipation with this approach.
In this work, we overcome this obstacle by using an appropriate arrangement of giant atoms along a waveguide that protects the entire Hilbert space of the qubits while preserving waveguide-mediated qubit-qubit interactions [10] . We show how the geometry of the giant atoms can be altered to engineer the qubit-waveguide and qubitqubit couplings. We then use this engineered spectrum to prepare entangled states of the qubits and show that, even in the presence of a waveguide, giant atoms can be used to perform coherent quantum operations.
Our devices consist of two frequency-tunable transmon qubits [26] , Q a and Q b , each of which are coupled to a superconducting resonator for dispersive readout [27] . The signal from the resonators is first amplified by a trav- 
FIG. 1. Giant atoms with superconducting qubits. a) A schematic diagram of a small atom. The small atom is treated as a point-like object since it is much smaller than the wavelength, λ, of the mode it interacts with. b) A giant atom that is formed by coupling a small atom to a mode at two discrete distant locations. c) The configuration of two braided giant atoms that are coupled to a waveguide twice with equal strength. The phase difference between coupling points
/v is varied by tuning the qubit frequencies ω. d) A false-colored optical micrograph image and schematic diagram (top right) of a device in the configuration shown in (c). Each qubit (yellow) has a readout resonator (red) and flux line (green) for independent readout and flux control. The central waveguide (blue) is terminated to 50 Ω.
elling wave parametric amplifier [28] to maximize the readout efficiency. We construct giant atoms of form shown in Fig. 1b by coupling the qubits to a 50 Ω coplanar waveguide at two locations. The qubits are coupled to the waveguide in a braided manner, as shown in Figs. 1c and 1d , such that the first coupling point of qubit Q b at x b 1 is centered between the coupling points of qubit Q a at x a 1 and x a 2 . Photons in the waveguide will experience a phase shift φ = 2π∆x/λ(ω) between neighboring coupling points, depending on the spatial separation between successive coupling points ∆x and the wavelength λ(ω) for modes at the qubit frequencies ω = ω a,b . The phase φ can then be tuned in situ by changing the qubit frequencies, and thereby the wavelength λ(ω) = 2πv/ω, where v is the speed of light in the waveguide. The device is designed symmetrically
Moreover, the individual physical couplings between the qubits and the waveguide are designed to be of equal strength γ(ω) ≈ γ 0 (ω/ω 0 ) 2 , where γ 0 is the coupling strength at a reference frequency ω 0 . Under these conditions, the interaction Hamiltonian between the qubits and the waveguide is
where the sum over k indexes the modes in the waveguide, j ∈ {a, b} is summed over the qubits, and g k is the coupling strength between the qubits and the k th mode of the waveguide. We further distinguish between left-and right-propagating waveguide modes with the subscripts L, R in the field creation operators (a † L,k , a † R,k ). The qubit Pauli X operators σ (j)
x mediate the excitation exchange into and from the qubits. The effect of coupling the qubits at multiple points along the waveguide is accounted for by modifying the complex coupling amplitude
This is the sum over all phase factors for each connection point n ∈ {1, 2} of qubit Q j at positions x (j) n along the waveguide. This frequency-dependent amplitude captures all interference effects between the coupling points of both giant atoms. To characterize this system, we first detune the qubits away from each other such that |ω a − ω b | γ and probe the properties of the giant atoms independently. The relaxation rates Γ 1 = T −1 1 for the qubits are obtained by measuring the qubit energy relaxation time T 1 as a function of the qubit frequency. We show three representative T 1 traces in Fig. 2a for different qubit frequencies. The relaxation rates over a wide range of qubit frequencies are shown in Fig. 2b . For each qubit, the expression for Γ 1 is [10]
where γ nr is the intrinsic "non-radiative" qubit lifetime limited by decay channels other than excitation loss into 4. for qubit Qa as a function of its frequency with the fit to theory (solid line). The three green arrows correspond to the relaxation rate for the T1 traces shown in (a). The qubit decouples from the waveguide at a decoherence-free frequency ωDF/2π = 4.645 GHz with a lifetime of T1 = 31.5 µs.
the waveguide [29] . The qubit relaxation rate depends strongly on the phase φ and, thereby, the qubit frequency. This is due to quantum interference between photons emitted into the waveguide at the two coupling points of the qubit. At 2φ = π, the qubit will effectively decouple from relaxation into the waveguide due to destructive interference. We observe this phenomenon when the qubit is set to the decoherence-free frequency ω DF /2π = 4.645 GHz. Here, the lifetime of the qubit is measured to be T 1 = 31.5 µs, consistent with the typical lifetime of tunable transmon qubits in a cavity QED architecture [30] despite its strong physical couplings to the continuum of modes in a waveguide. This indicates that the qubit relaxation into the waveguide is largely suppressed. The fitted theory curve Eq. (3) in Fig. 2b is in good agreement with the measured data, from which γ 0 /2π = 2 MHz and γ nr /2π ≈ 0.03 MHz at ω 0 = ω DF are inferred.
Next, we investigate waveguide-mediated qubit-qubit interactions. We extract the interaction strength from a fit to the avoided level crossings observed in qubit spectroscopy, performed for various qubit frequencies. The 3. Decoherence-free interactions between two giant atoms. a) The measured exchange-interaction strengths from avoided level crossings as a function of the qubit frequencies. The fit to theory (solid line) is plotted with the data (red dots) and the decoherence-free frequency is shown (dashed line). b) The qubit spectroscopy of an avoided level crossing centered at the decoherence-free frequency ωDF/2π = 4.645 GHz. The frequency of the applied drive is swept to probe the qubit frequencies for multiple qubit detunings ∆. The readout signals for each qubit are normalized and summed together to obtain both branches of the crossing. Even though the qubits are decoupled from spontaneous emission into the waveguide, a qubit exchange interaction that is mediated by virtual photons in the waveguide is measured to be g/2π = 2 MHz. measured and fitted interaction strengths are shown in Fig. 3a . Of particular note is the finite exchange interaction at the decoherence-free frequency ω DF = ω a = ω b , for which the avoided level crossing is shown in Fig. 3b . The waveguide continues to mediate interactions between the qubits even though the qubits are decoupled from relaxation into it. This can be understood by considering the device geometry. With small atoms, atomic exchange interactions are mediated by virtual photons in the waveguide that are emitted and absorbed by different atoms. The strength of these interactions g = γ sin(θ)/2 is periodic in the phase delay θ between the coupling points of the small atoms [22] . A similar effect occurs 
Entangling qubits in wQED with engineered giant-atom geometries. a) A schematic diagram of a giant-atom device with two qubits coupled to the waveguide at three points. The first and last coupling point for each qubit are designed to be equal in strength (γ1) and the central coupling point is larger (γ2 > γ1). The ratios φ1/φ2, φ1/φ3, and φ2/φ3 are fixed in hardware by the relative length of the waveguide segments. b) The measured and fitted relaxation rates (blue) and exchange coupling strengths (red) for the configuration of giant atoms shown in (a). This design has two decoherence-free frequencies at ωDF1/2π = 4.51 GHz and ωDF2/2π = 5.23 GHz. The coupling strengths inferred from the fits are γ1/2π = 1.58 MHz and γ2/2π = 3.68 MHz at a reference frequency ω0/2π = 5.23 GHz. c) The time-domain chevron pattern demonstrating the exchange coupling between the qubits at the upper decoherence-free frequency ωDF2 as a function of interaction time and qubit-qubit detuning ∆. The excitations swap with a period π/g = 680 ns. d) The pulse sequence for preparing the entangled state (|01 − i|10 )/ √ 2. Qa is placed at ωDF1 while Q b is placed at ωDF2 and excited with a π-pulse. Qa is then brought onto resonance ∆ = 0 and interacts with Q b for a time π/4g = 170 ns. Qa is then returned to ωDF1 and tomography readout pulses are applied. The real and imaginary parts of the qubit density matrix obtained for this pulse sequence using maximumlikelihood estimation are shown below. The matrix elements that are ideally non-zero are shaded in blue. The state preparation fidelity is 94%.
with multiple giant atoms coupled to a waveguide. In our device, the total exchange interaction is obtained by summing the contribution from all four possible pairs of coupling points between the two qubits. For our braided configuration, the virtual photons emitted and absorbed by the three consecutive coupling pairs (x a
, and (x a 2 ↔ x b 2 ) will contribute γ sin(φ)/2 to the interaction strength. The pair formed by the two outermost points (x a 1 ↔ x b 2 ) will contribute γ sin(3φ)/2. The interaction strength between the braided giant atoms in our device is then given by
At the decoherence-free frequency, we have φ = π/2 and, therefore, a net interaction strength g = γ. This effect, where Γ 1 = 0 and g = 0, is unique to braided configurations of giant atoms [10] and is a necessary condition for high-fidelity state preparation of qubits coupled to a waveguide. The spectra presented in Figs. 2b and 3a are largely de-termined by the geometry of the device. That is, one can vary the number of coupling points, their relative coupling strengths, and distance between them to tailor the frequency dependence of the qubit-waveguide and qubitqubit coupling rates. As a demonstration of this, we probe a device with a new geometry such that qubit relaxation and exchange can be simultaneously suppressed.
We will use this property to perform entangling gates between the qubits. The device consists of two qubits that are each coupled to a waveguide at three locations, and is parameterized by three distinct phase delays (φ 1 , φ 2 , and φ 3 ), as shown in Fig. 4a . The device is designed such that the physical qubit-waveguide coupling strengths are γ 1 at x 
We infer the device parameters from the fits to the measured spectra. We find the phase delays to be φ 1 = φ 3 = 0.505φ 2 and the coupling strengths to be γ 1 /2π = 1.58 MHz and γ 2 /2π = 3.68 MHz at a reference frequency ω 0 /2π = 5.23 GHz. With this geometry, we are able to engineer the relaxation spectra for both qubits to have two decoherence-free frequencies, ω DF1 /2π = 4.51 GHz and ω DF2 /2π = 5.23 GHz, that are separated by 720 MHz. Thus, each qubit can be placed at a unique decoherence-free frequency in order to simultaneously protect them from relaxation into the waveguide and suppress exchange interactions between them. The asymmetry in the measured spectra in Fig. 4b is due to the frequency dependence of the individual coupling points γ 1,2 ∝ ω 2 as well as a small deviation from the desired design (φ 1 = 0.5φ 2 ). We observe a small deviation from theory in the spectrum for g. Ideally, the exchange interaction would be zero at ω/2π = 4.95 GHz. However, from our fit, we extract a small non-zero parasitic interaction that is given by the minimum value of |g(ω)/2π| ≈ 70 kHz. Taking this parasitic coupling into account, we find very good agreement between the overall spectra and theory. Finally, we use this engineered spectrum with two decoherence-free frequencies in order to demonstrate that giant atoms can be used to prepare entangled states in waveguide-QED devices. When placed on resonance at ω DF2 , the qubits exchange excitations at a rate g/2π = 735 kHz. We confirm this by observing the chevron pattern formed by this excitation swap as a function of the interaction time and qubit-qubit detuning ∆ in Fig. 4c . We use the pulse sequence shown in Fig. 4d to perform an entangling √ iSWAP operation and prepare the state (|01 − i|10 )/ √ 2. We initialize the frequencies of Q a and Q b to ω DF1 and ω DF2 , respectively, such that dissipation is minimized. Next, we excite Q b with a π-pulse and bring Q a onto resonance with it for a time π/4g = 170 ns to entangle the qubits. We then bring Q a back to ω DF1 and perform two-qubit state tomography. The density matrix ρ is obtained from maximum-likelihood estimation and is shown in Fig. 4d . After correcting for readout errors [31] , we find a state preparation fidelity of Tr( √ σρ √ σ) 2 = 94%, where σ is the ideal density matrix. This demonstrated ability to entangle qubits using purely coherent interactions is a hallmark feature of giant atoms that are coupled to a waveguide. Furthermore, since the entire two-qubit Hilbert space is protected from dissipation into the waveguide, a combination of iSWAP and single-qubit gates can be used to prepare any state.
Looking forward, giant atoms enable new applications that require waveguides and coherent quantum operations. For example, the architecture studied in this work can be naturally extended to perform quantum simulations of spin-models with nearest-neighbor or all-to-all long-distance interactions [10] . These non-local interactions may also prove useful in quantum error correction schemes that go beyond the nearest-neighbor coupling that is native to superconducting qubits [32] . Implementing giant atoms with metamaterial superconducting waveguides [33, 34] will reduce the physical footprint of the devices such that systems with higher complexity can be designed on a single chip. Further, we have shown how to perform high-fidelity quantum gates with qubits that are in the presence of a waveguide and switch between protected and emissive configurations. This enables giant atoms to be used as a high-quality source of itinerant quantum information; qubits can be initialized and entangled while biased at decoherence-free frequencies, and subsequently release the quantum information they store into photons by tuning them to a frequency with strong qubit-waveguide coupling. For example, this protocol, given an appropriate arrangement of qubits along the waveguide, can be used to generate itinerant photons with spatial entanglement [35] . These types of sources of non-classical photons can then be applied towards shuttling information in extensible quantum processors and networks. The experiments are performed in a Bluefors XLD100 dilution refrigerator, capable of cooling to a base temperature of 10 mK. The experimental setup used for all of the data presented in the main text is shown in Fig. 5 . The readout and qubit drives are all combined at room temperature (300 K) and sent into the line that the readout resonators are coupled to. This line is attenuated by 20dB at the 4 K stage, 10dB at the still, and 40dB at the mixing chamber (MXC) to ensure proper thermalization of the line. The samples are magnetically shielded at the MXC by superconducting and Cryoperm-10 shields. To maximize the signal-to-noise ratio of the readout, a Josephson travelling wave parametric amplifier (TWPA) is used as the first amplifier in the measurement chain. The TWPA is pumped in the forward direction using a directional coupler. A circulator is placed between the sample and the TWPA to ensure that the TWPA sees a 50 Ω environment on both sides. The signal is then filtered with 3 GHz high-pass and 12 GHz low-pass filters. Two additional circulators are placed after the TWPA in the MXC to prevent noise from higher-temperature stages travelling back into the TWPA and the sample. High electron mobility transistor (HEMT) amplifiers are used at 4 K and room-temperature stages of the measurement chain for further amplification. The signal is then downconverted to an intermediate frequency using an IQ mixer, filtered, digitized, and demodulated.
The central waveguide of the device to which the qubits couple is directly terminated to 50 Ω at the device package. This minimizes any effects that may result from impedance mismatches at the ends of the waveguide. The frequencies of the qubits are controlled with local flux lines. Each flux line has both DC and RF control that are combined and filtered with 300 MHz low-pass filters at the mixing chamber. The RF flux control line is attenuated by 20dB at the 4 K stage and by 10dB at the still. A 1 kΩ resistor is placed in series with the DC voltage source to generate a DC current.
B. Flux Cross-talk Calibration and Frequency Control
All devices used in the experiment had local flux lines for independent flux control. However, it is necessary to calibrate the cross-talk between these lines. We measure both qubit frequencies as a function of voltage applied to each flux line. The frequency spectrum of qubit i from the flux line of qubit j is fit to the theoretical transmon frequency spectrum f i,j (V j ), given by [26] 
where d = f i,min /f i,max describes the asymmetry between the junctions in the transmon SQUID loop, φ 0 is the offset from zero, V i is voltage applied on the flux line, and f i,min , f i,max are the minimum and maximum frequencies of the transmon, respectively. The fit parameter V 0,i,j describes the voltage required to supply a flux quantum Φ 0 . These values for all combinations of i, j ∈ {Q a , Q b } can be used to construct a cross-talk matrix S, where the matrix elements of S are given by S i,j = V −1 0,i,j . An example of the matrix S used in the experiment is given by
Here, the diagonal matrix elements correspond to the coupling between a qubit and its own local flux line, whereas the off-diagonal elements represent the coupling between a qubit and the other qubits flux line. The qubit frequencies f i,i from Eq. (7) can also be expressed in terms of the flux applied on qubit i using the relation
Thus, a desired configuration of qubit frequencies f = (f 1 , f 2 ) can be mapped onto a set of fluxes Φ = (Φ 1 , Φ 2 ). The voltage configuration V = (V 1 , V 2 ) required to achieve the desired flux, and therefore qubit frequency, configuration can then be found by using the inverted cross-talk matrix V = S −1 Φ. Device C was used for the data in Fig. 4 . All frequency-dependent parameters are quoted at the maximum qubit and resonator frequency.
To obtain the data presented in Figs. 2 and 3 of the main text, we used two devices, device A and device B, that were nominally identical to each other apart from their maximum and minimum qubit frequencies. That is, the device designs are identical with the exception of the critical current densities of the Josephson junctions on the qubits. This let us obtain the coupling spectra from a range of 4.2 GHz to 5.1 GHz. Device A and B were used for data points in the range of qubit frequencies between 4.2 GHz − 4.7 GHz and 4.7 GHz − 5.1 GHz, respectively. The general qubit and readout parameters for these devices are summarized in Table I . Similarly, a summary of the qubit and readout parameters for the device used for the data presented in Fig. 4 of the main text, device C, is also given in Table I . An optical image of device C is shown in Fig. 6b . Here, it can be seen that the relative coupling strength between γ 1 and γ 2 is determined by the difference in length, and therefore capacitance, between the sections of the waveguide that couple to the qubit. 
II. RELAXATION AND COUPLING SPECTRA FOR GENERALIZED GIANT ATOMS
The properties of a generalized giant-atom system composed of N qubits, and where the j th atom has M j coupling points, can be calculated using the SLH formalism for cascaded quantum systems [10] . The qubit-waveguide coupling strength for the n th coupling point of atom j is given by γ jn and the phase delay between the n th and m th coupling points of atoms j and k is given by φ jn,km . The master equation for this setup is given bẏ 
where D [O] ρ = OρO † − 1 2 {O † O, ρ} is the standard Lindblad dissipator and ω j is the frequency of the j th atom with the Lamb shifts included. This master equation assumes weak coupling, γ jn ω j , and a negligible travel time between coupling points. The relaxation rate Γ j of the j th atom, the exchange interaction g j,k between the j th and k th atoms, and the collective decay rate Γ coll,j,k (not studied in this experiment) for the j th and k th atoms are given by 
Γ coll,j,k = Mj n=1 M k m=1 √ γ jn γ km cos φ jn,km .
Using this result, we may verify the equations used for the fits in the main text. For the first device shown in Fig. 1 of the main text, we have N = 2, M 1 = M 2 = 2, γ 11 = γ 12 = γ 21 = γ 22 = γ, and φ 11,21 = φ 21,12 = φ 12,22 = φ. Plugging these into equations (8), (9) , and (10), and adding the contribution from decay into modes other than the waveguide γ nr , we recover the equations used in the main text
Similarly, for the device presented in Fig. 4 of the main text we have N = 2, M 1 = M 2 = 3, γ 11 = γ 13 = γ 21 = γ 23 = γ 1 , γ 12 = γ 22 = γ 2 , φ 11,21 = φ 23,33 = φ 1 , φ 22,22 = φ 3 , and φ 21,12 = φ 22,31 = φ 2 . We thus recover equations (5) and (6) from the main text
